Nicotine dependence is influenced by chromosome 15q25.1 single nucleotide polymorphisms (SNPs), including the missense SNP rs16969968 that alters function of the α5 nicotinic acetylcholine receptor (CHRNA5) and noncoding SNPs that regulate CHRNA5 mRNA expression. We tested for cis-methylation quantitative trait loci (cis-meQTLs) using SNP genotypes and DNA methylation levels measured across the IREB2-HYKK-PSMA4-CHRNA5-CHRNA3-CHRNB4 genes on chromosome 15q25.1 in the BrainCloud and Brain QTL cohorts [total N = 175 European-Americans and 65 African-Americans (AAs)]. We identified eight SNPs that were significantly associated with CHRNA5 methylation in prefrontal cortex: P ranging from 6.0 × 10 −10 to 5.6 × 10 −5
Introduction
Cigarette smoking causes cancer, heart disease, stroke, lung disease and many other serious conditions (1) . It is the leading cause of preventable death, annually resulting in over 400 000 deaths in the United States and over 5 million deaths worldwide (2) . Although smoking rates have greatly declined since the 1960s due to public health campaigns and improved smoking cessation treatment, the rate of decline has slowed in recent years (3) . Despite the well-known adverse health effects, 45.3 million adults in the United States are regular smokers (3) , even though an estimated 69% report wanting to quit (4) . One of the strongest predictors of failing to quit smoking is nicotine dependence (5-7), a heritable trait with an estimated 50% of its variability attributable to genetics (8) .
Genome-wide association study (GWAS) analyses of nicotine dependence and other smoking behaviors have unequivocally identified single nucleotide polymorphisms (SNPs) on chromosome 15q25.1, which includes genes encoding three nicotinic acetylcholine receptors (CHRNA5, CHRNA3 and CHRNB4), ironresponsive element binding protein 2 (IREB2), hydroxylysine kinase (HYKK) and proteasome subunit alpha type-4 (PSMA4) (9) (10) (11) (12) (13) (14) (15) . SNPs in this region have also been associated with lung cancer (11, 16, 17) , airflow obstruction (18) , chronic obstructive pulmonary disease (19, 20) and behaviors related to other addictive substances such as alcohol (21, 22) , cocaine (23, 24) and opioids (25) .
Our prior analyses of the chromosome 15q25.1 region found that nicotine dependence-associated SNPs exert important biological effects: (1) the missense SNP rs16969968 changes CHRNA5 function, and (2) noncoding SNPs located in CHRNA5 (e.g. rs680244) or upstream of its transcription start site (e.g. rs880395) represent expression quantitative trait loci (eQTLs) regulating CHRNA5 mRNA expression levels in human frontal cortex (26) (27) (28) (29) .
The gene transcription process reflected by mRNA expression is driven, in part, by DNA methylation (biochemical addition of a methyl group to select cytosines in the dinucleotide sequence CpG). SNPs that affect DNA methylation and mRNA expression, methylation QTLs (meQTLs) and eQTLs, respectively, can alter gene transcript levels and thereby influence risk of disease, as evidenced by the enrichment of eQTLs and meQTLs among top GWAS findings for various human phenotypes (30, 31) . In human brain, eQTLs and meQTLs are abundant and predominantly cis-acting on proximally located genes (31, 32) .
Prior studies have evaluated methylation across the chromosome 15q25.1 gene region, focusing on lung and other tissues, and associations of their cis-meQTLs with cancer (33) (34) (35) (36) . However, no studies have reported on brain-specific methylation across this region to help uncover the mechanisms that confer risk for nicotine dependence. In the present study, we used cohorts of European and African ancestries to conduct cis-meQTL mapping in human prefrontal cortex (a highly relevant brain region for studying nicotine dependence) (37, 38) , extended these cis-meQTL findings to other relevant brain regions and tested the implicated SNPs for association with nicotine dependence. Our findings demonstrate that genetic variation underlying CHRNA5 DNA methylation in disease-relevant brain regions contributes to nicotine dependence and thus expand the known biological basis of this common addiction.
Results
Two cohorts were used to test SNP associations with DNA methylation levels: BrainCloud (39-41) and Brain QTL (32) . Five cohorts were used to test SNP associations with nicotine dependence: Collaborative Genetic Study of Nicotine Dependence (COGEND) (9) , Study of Addiction: Genetics and Environment [SAGE*; the asterisk (*) denotes SAGE excluding COGEND participants] (42), African American Nicotine Dependence (AAND), Environment and Genetics in Lung Cancer Etiology Study (EAGLE) (43, 44) and Atherosclerosis Risk in Communities (ARIC) (45) . Participant characteristics are presented in Table 1 . The BrainCloud, COGEND, SAGE* and ARIC cohorts were multiancestry, comprised of up to 60% African-Americans (AAs); AAND contained only AAs; and the Brain QTL and EAGLE cohorts represented populations of European ancestry only. The cohorts contained mostly all adults, except for BrainCloud, which had participants spanning the lifespan from the fetal period through elderly ages. All cohorts had a sizable representation of both sexes.
SNP associations with DNA methylation and mRNA expression in prefrontal cortex
Eighty SNPs (Supplementary Material, Table S1 ) were tested in the BrainCloud cohort (N = 108) for association with methylation levels at one or more of the nine CpG sites (Supplementary Material, Table S2 ) across the IREB2-HYKK-PSMA4-CHRNA5-CHRNA3-CHRNB4 gene region. Eight SNPs were significantly associated with CHRNA5 methylation, and two SNPs were significantly associated with CHRNA3 methylation (P < 1.4 × 10 −4 based on Bonferroni correction for 352 tests, Table 2 ). Of these SNPs, rs2292117 was associated with both CHRNA5 and CHRNA3 methylation. The implicated cis-meQTL SNPs were common (major allele frequencies ranging from 53 to 87%), and almost all showed suggestive (P < 0.05) to statistically significant associations with methylation in both ancestry groups. There was no positional overlap between the implicated cis-meQTL SNPs and the corresponding methylation probes (Table 2) . No significant SNP associations were observed for methylation probes in IREB2, PSMA4 or CHRNB4 (Supplementary Material, Table S1 ). Given the potential for differential methylation patterns between fetal development and postnatal life (39), we tested methylation levels of the implicated probes with age, adjusting for sex, race and all surrogate variables: P = 0.048 for CHRNA3 (CpG probe cg22670733) and P = 0.23 for CHRNA5 (CpG probe cg22563815). We next excluded the fetal-aged samples in the BrainCloud cohort and repeated the SNP association analyses with methylation. As presented in the Supplementary Material, Table S3 , all of the implicated SNPs were suggestively (P < 0.05) or significantly (P < 1.4 × 10 −4 ) associated with CHRNA5 or CHRNA3 methylation following the exclusion of fetal-aged samples; the β estimates for seven of the eight CHRNA5-implicated SNPs remained the same or were strengthened despite the reduced sample size, while the β estimates for both CHRNA3-implicated SNPs were weakened. Altogether, these results suggest that the primarily observed SNP associations with CHRNA3 methylation may reflect some differential methylation patterns between fetal and postnatal periods, but the SNP associations with CHRNA5 methylation appear robust to age-related methylation patterns.
The remaining analyses were focused on the eight CHRNA5-implicated cis-meQTL SNPs. Of these SNPs, four captured the variability at r 2 > 0.8 under European ancestry: rs2292117 (tagging rs12915366), rs680244 (tagging rs6495306, rs621849 and rs3743077), rs950776 and rs11636753. In contrast, seven SNPs were needed to capture the variability under African ancestry: rs12915366, rs2292117, rs6495306, rs680244 (tagging rs621849), rs3743077, rs950776 and rs11636753. Among these, rs11636753 (an intronic Fig. S1 ). All of the newly implicated SNPs for CHRNA5 methylation were also associated with CHRNA5 mRNA expression in the broader BrainCloud cohort (N = 259, Table 2 ). The newly implicated cis-meQTL SNPs rs680244 and its highly correlated SNP rs621849 have previously established associations with CHRNA5 mRNA expression (27) . Our results show that the SNP major alleles were associated with both lower CHRNA5 methylation and expression in prefrontal cortex, as illustrated in Figure 2 for rs11636753.
SNP associations with DNA methylation in other brain regions
The SNPs identified as cis-meQTLs in prefrontal cortex from BrainCloud were tested for association with CHRNA5 methylation across four brain regions (frontal cortex, temporal cortex, pons and cerebellum) in the Brain QTL cohort. Methylation levels across the four regions are shown in the Supplementary Material, Figure S2 , and the corresponding SNP-methylation results are shown in Table 3 . All of the major alleles for CHRNA5-implicated SNPs were significantly (P < 6.3 × 10 −3 based on Bonferroni correction for eight SNPs) associated with lower CHRNA5 methylation levels in frontal cortex: P = 3.4 × 10 −3 for rs11636753. SNP associations with CHRNA5 methylation were even stronger in temporal cortex and pons: P = 2.2 × 10 −4 and 1.8 × 10 −6 , respectively, for rs11636753. No SNP-methylation associations were found in cerebellum.
SNP associations with nicotine dependence
The CHRNA5-implicated cis-meQTL SNPs were next tested for association with nicotine dependence in a multiancestral metaanalysis of COGEND, SAGE*, AAND, EAGLE and ARIC (total N = 11 096). As shown in Table 4 , the major alleles of all eight SNPs suggested associations with increased risk of nicotine dependence, consistent with the directionality of previous reports of nominal association with Fagerström Test for Nicotine Dependence (FTND)-defined nicotine dependence (rs6495306, rs680244 and rs3743077) (46) or related phenotypes [rs12915366 with cigarette pack-years (47) and rs11636753 with tolerance factor of the Nicotine Dependence Syndrome Scale (48)]. However, only the rs11636753-G allele was significantly associated with increased risk after correcting for multiple testing: P = 6.7 × 10 −4
, odds ratio (OR) [95% confidence interval (CI)] = 1.11 (1.05-1.18).
SNP associations with DNA methylation, mRNA expression and nicotine dependence conditioned on known SNP effects
We repeated the SNP-methylation association analyses with adjustment for known cis-eQTL SNPs, one tagged by rs680244 within CHRNA5 and the other tagged by rs880395 upstream of CHRNA5 (27, 28) , in the prefrontal cortex samples from BrainCloud. Although rs11636753 no longer passed the statistical significance threshold used for cis-meQTL mapping (P < 1.4 × 10 −4 ), it remained associated with CHRNA5 methylation at P < 0.05 following adjustment for either cis-eQTL SNP (Supplementary Material, Table S4 ). There was moderate LD between rs11636753 and the known cis-eQTL SNPs under European ancestry [r 2 = 0.48 and 0.56 ( . We also repeated the SNP-methylation association analyses with adjustment for the functional missense SNP rs16969968 (26, 27) . The SNPs all remained suggestively to significantly associated with CHRNA5 methylation (Supplementary Material, Table S4 Table S5 ). Unlike the independent rs11636753 association with methylation, its association with expression was explained by the known SNP effects.
For the nicotine dependence association testing, we found that the rs11636753-G association with increased risk of nicotine dependence was the only SNP association that persisted at nominal significance following adjustment for the known cis-eQTL SNPs: P = 0.017 following adjustment for rs680244 (Supplementary Material, Table S6 ) and P = 0.0065 following adjustment for rs880395 (Supplementary Material, Table S7 ). To evaluate the cis-meQTL SNP associations with nicotine dependence in the context of the functional missense SNP as done previously (27), we constructed haplotypes that aligned the risk-conferring alleles, rs16969968 minor allele [A] and rs11636753 major allele [G] . Rs16969968-A was previously shown to occur primarily on a low mRNA expression background (27) , and this alignment enabled us to test the combined genetic associations of decreased CHRNA5 methylation and expression resulting from rs11636753-G and reduced CHRNA5 function resulting from rs16969968-A on risk of nicotine dependence. The haplotype carrying both risk alleles was associated with increased nicotine dependence risk at high statistical significance [P = 3.1 × 10 −12 , OR (95% CI) = 1.32 (1.22-1.43)], whereas neither of the haplotypes carrying only one risk allele was associated across the ancestry groups (P = 0.32 and 0.18, Supplementary Material, Table S8 ).
Causal inference
We used structural equation modeling (49) to investigate the potential causal relationship between rs11636753, CHRNA5 methylation and CHRNA5 expression in the BrainCloud cohort. For comparison, the approach was repeated for rs680244, which was both a known cis-eQTL and a newly implicated cis-meQTL for CHRNA5. Alternative models are presented in Figure 3 , and the results, as presented in the Supplementary Material, Table S9 , showed that the data were more consistent with some possible causal models than others. For both SNPs, the fit indices suggested that Models 4 (the SNP affecting only expression, which in turn affects methylation) and 5 (correlated but noncausal relationship between methylation and expression with the SNP directly affecting each) provided less consistent fits to the data. Models 1, 3 and 6 provided more consistent fits to the data for both rs11636753 and rs680244. Across these models, the SNP directly affected both methylation and expression, but we were unable to distinguish the relationship between methylation and expression. Model 2 provided a more consistent fit to the rs11636753 data (i.e. rs11636753 directly affecting only methylation, which in turn indirectly affects expression) than it provided to the rs680244 data. We cannot rule out the possibility that rs1163673 directly affects both methylation and expression (Models 1, 3 and 6), but the potentially unique result involving Model 2 may explain its association with CHRNA5 expression being captured by the known cis-eQTLs (Supplementary Material, Table S5 ) but its association with CHRNA5 methylation not being fully captured by the known cis-eQTLs (Supplementary Material, Table S4 ).
Discussion
The chromosome 15q25.1 gene region has well-established associations with nicotine dependence and smoking-related phenotypes. Our SNP-methylation association findings expand our understanding of known nicotine dependence-associated SNPs by discovering a new biological role for the known variants and highlighting rs11636753 as a novel SNP association that reflects an additional mechanism contributing to nicotine dependence risk. Two mechanisms involving CHRNA5 were previously known: (1) the missense SNP rs16969968 alters the function of CHRNA5, and (2) several upstream and intronic SNPs (rs680244, rs880395 and other correlated SNPs) tag eQTLs regulating CHRNA5 mRNA expression (26) (27) (28) . Among our identified cismeQTL SNPs, rs11636753 demonstrated the weakest LD with the known cis-eQTL and functional SNPs, which was most evident under African ancestry, and its association with CHRNA5 methylation was independent of the other SNP effects in the region. The known cis-eQTL SNPs rs680244 and rs880395 and our newly identified cis-meQTL SNP rs11636753 may exert the observed effects themselves or each reside in tight LD with different causal SNPs. We identified eight SNPs that were significantly associated with CHRNA5 methylation in addiction-relevant human brain regions and were suggestively to significantly associated with risk of nicotine dependence. Bioinformatics analyses provided additional indications that these SNPs have regulatory effects (Supplementary Material, Table S10), including locations within promoters, enhancers and/or DNAse hypersensitivity sites indicative of transcriptional activity and predictions for altering regulatory motifs, with rs11636753 altering the most (24 motifs). Two of the eight CHRNA5-implicated cis-meQTL SNPs (rs680244 and rs621849) have previously been shown to tag a cis-eQTL associated with nicotine dependence (26, 27) . The six other SNPs (rs12915366, rs2292117, rs6495306, rs3743077, rs950776 and rs11636753) were previously reported for their associations with nicotine dependence, other smoking or alcohol phenotypes or lung cancer (21, 27, (46) (47) (48) 50, 51) , but their biological roles were unknown. There is LD underlying the known cis-eQTL SNPs and several of these newly implicated cis-meQTL SNPs, but our results suggest that DNA methylation helps to further explain known SNPs are sorted by chromosomal position.
P-values shown in bold were statistically significant (P < 6.3 × 10 −3 , corrected for eight SNP tests).
SNP, single nucleotide polymorphism.
SNP association signals with mRNA expression and risk of nicotine dependence. Lastly, rs11636753 and its associations with CHRNA5 methylation and nicotine dependence were not explained by the known cis-eQTL SNPs, and causal inference modeling suggests that this SNP may uniquely exert an indirect effect on CHRNA5 expression through its direct effect on methylation.
Inferences from the structural equation modeling depend on the data meeting several underlying assumptions (e.g. no unmeasured confounders, multivariate normality and linearity and correct model specification). Models with less consistent fits to our data may have correctly inferred nonexistent effects, or they may have effect sizes too weak to detect with our sample size. Repeating this modeling using a larger sample size with the SNP genotype, methylation and expression data in addictionrelevant brain regions, once available, is needed to strengthen the evidence for causal inference. Nonetheless, our results suggest that rs11636753 represents a novel signal that underlies CHRNA5 methylation and contributes to nicotine dependence risk.
Studies of nicotine dependence and related phenotypes have demonstrated SNP associations spanning IREB2-HYKK-PSMA4-CHRNA5-CHRNA3-CHRNB4, so our cis-meQTL mapping was conducted across the entire region. Similar to our prior cis-eQTL studies in human brain, we found significant SNPmethylation associations for CHRNA5 and CHRNA3. The identified SNPs had consistent directions of association with CHRNA5 and/or CHRNA3 methylation in postmortem prefrontal cortex samples from both ancestry groups. CHRNA5 associations were stronger than CHRNA3 associations, and their differences increased after excluding the fetal samples. No significant associations were observed for IREB2, PSMA4 or CHRNB4.
The major alleles of the CHRNA5-implicated SNPs were associated with lower methylation levels and lower expression levels. This pattern highlights two important points. First, our findings provide an uncommon example of SNPs being associated with both DNA methylation and mRNA expression. The Brain QTL cohort investigators (32) and others (31) reported that SNPs implicated as eQTLs and SNPs implicated as meQTLs in human brain most often do not overlap with one another, with each type of QTL representing a distinct regulatory feature. SNPs that are associated with both DNA methylation and mRNA expression tend to associate with methylation probes that are located close to transcription start sites: mean distance of 27.5 kb (32) . Indeed, all of our tested methylation probes were located within 1.5 kb of transcription start sites for genes in the chromosome 15q25.1 region. Second, the pattern of SNPs being positively correlated with methylation and expression in the same direction might appear to contrast the traditional view of an inverse correlation, whereby lower methylation levels lead to higher expression levels for nearby transcripts. However, when considering only the subset of SNPs that act as both eQTLs and meQTLs, the Brain QTL study investigators found that almost half show patterns similar to ours, where the direction of correlation is the same for methylation and expression (32) .
Besides being associated with lower CHRNA5 methylation and expression levels, the rs11636753 major allele (G) was associated with an altered risk of nicotine dependence. Rs11636753-G was associated with an increased risk of nicotine dependence when not accounting for rs16969968, and it is consistent with prior studies (27, 52) . This overall pattern is consistent with rodent models, which demonstrate that eliminating CHRNA5 expression leads to markedly increased nicotine intake by reducing inhibitory motivational signals in the brain's reward pathways at high nicotine doses (53, 54) . Importantly, however, the rs16969968 risk allele CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.
(A) falls almost exclusively on a low-expression background in European and African ancestries, whereas the wild-type rs16969968-G occurs on both high-and low-expression backgrounds. Our prior studies showed that low-expression alleles associate with lower risks for both nicotine dependence and lung cancer when occurring on the wild-type rs16969968-G background (27, 55, 56 ). In the current study, we similarly found that the haplotype carrying both rs16969968-G and the low-methylation/low-expression allele (rs11636753-G) was associated with decreased nicotine dependence risk in European-Americans (EAs) specifically (Supplementary Material, Table S8 ).
Our cis-meQTL mapping was focused on prefrontal cortex, a highly relevant brain region for studying nicotine dependence (37, 38) given its role in self-control/response inhibition, emotional regulation, flexibility/control of attention, and planning and goal formation. Dysregulation of this brain region can increase impulsivity, risk taking and stress reactivity and bias attention and reward anticipation toward immediate rather than delayed gratification: all characteristics generally associated with greater risk of addiction (57) . Because physiological response to nicotine is a complex process involving multiple brain regions (58), we evaluated the cis-meQTL patterns in other brain regions and found that our findings extended into the frontal cortex along with the temporal cortex and pons. The frontal cortex encompasses the prefrontal cortex and other components. The temporal cortex is involved in visual memories and sensory processing among other functions, and it has been directly linked to processing and reacting to smoking-related cues (59) (60) (61) . The pons relays signals that require passage from the left side of the brain to the right, and activity in this region has been correlated with craving following nicotine abstinence (62) . Furthermore, the mesopontine tegmentum tissue that lies at the junction of the mesencephalon and the pons has been described as a 'master regulator of nicotinic dopaminergic signaling in the brain' (63). Our cis-meQTL SNP findings were not present in cerebellum, where CHRNA5 methylation levels were higher and more variable than the levels measured in the other brain regions (Supplementary Material ,  Fig. S2 ); this observation is consistent with the original Brain QTL cohort investigators' report that the most distinct patterns across all methylation probes were observed in the cerebellum (32) . The distinct CHRNA5 methylation patterns warrant future study, as the cerebellum has some indications in addiction (e.g. drug cue reactivity) (64, 65) . Altogether, our study provided evidence for several SNPs that tag a cis-regulatory effect on CHRNA5 methylation across biologically relevant brain regions for addiction. Our findings merit extension into other relevant brain regions, such as the nucleus accumbens and ventral tegmental area (58) .
A limitation of our study was the lack of nicotine dependence data in the publically available cohorts used for cis-meQTL Other limitations included different sample sizes being available to compare SNP associations with methylation and expression and diverse ancestries not being universally represented across the cohorts. We also recognize that the methylation and expression array data reflect important features of gene regulation but not the full scope of this complex process. Nonetheless, DNA methylation is viewed as an important and relatively stable epigenetic change that can drive long-lasting changes in gene expression and consequently influence susceptibility to developing addiction (66) .
A major strength of our study was the availability of multifaceted biological data across several disease-relevant brain regions. A prior study evaluating SNPs implicated in a variety of phenotypes from the GWAS catalog, and their eQTL patterns across the brain and blood tissues showed clear examples of both shared and distinct eQTL effects between these two tissue types (67) . For example, the major allele of rs880395 is reproducibly associated with lower CHRNA5 expression levels in the brain; however, its association in the blood has been inconsistent (28, 29) . Such tissue specificity has been observed for both eQTLs (67) and meQTLs (31), thus emphasizing the importance of using expression and methylation data from disease-relevant tissues for QTL mapping. Moreover, the different patterns observed in the cerebellum compared with the prefrontal cortex, frontal cortex, temporal cortex and pons in our study demonstrate that regional specificity is highly important when studying QTLs in the brain.
Prior studies identified biologically important SNP associations with nicotine dependence by integrating mRNA expression data. We found several SNPs associated with both CHRNA5 methylation and expression in addiction-relevant brain regions -prefrontal cortex, frontal cortex, temporal cortex and ponsand with risk of nicotine dependence across diverse ancestry groups. Among these SNPs, we identified rs11636753 as exerting an effect on CHRNA5 methylation that may operate independently of the known cis-eQTL and functional SNP effects in the region. Although future studies are needed to firmly establish the causal relationship between chromosome 15q25.1 SNPs, CHRNA5 methylation and expression in the implicated brain regions, and risk of nicotine dependence using a sample with all of these facets of data available, our findings show, for the first time, that genetic variation underlying CHRNA5 methylation in human brain contributes to risk of nicotine dependence.
Materials and Methods

Cohorts for cis-meQTL mapping
We used the BrainCloud cohort to find SNPs associated with methylation across chromosome 15q25.1, using SNP genotypes (Illumina Human1M-Duo and HumanHap650Y arrays) and DNA methylation levels (Illumina HumanMethylation27 array) available from postmortem prefrontal cortex of human participants who had no neuropathological or neuropsychiatric diagnoses, no reported alcohol or drug abuse and no positive toxicology result (39) (40) (41) . We obtained these data via the database of Genotypes and Phenotypes (dbGaP; accession number phs000417.v2. p1) and the BrainCloud project website (http://braincloud.jhmi. edu/). SNP genotypes and mRNA expression data were available (Illumina Human 49 K Oligo array) on all participants (147 AAs, 112 EAs, 6 Hispanics and 4 Asians). DNA methylation data were available on a subset of 65 AAs and 43 EAs. Further details on the BrainCloud cohort and quality control (QC) procedures have been described elsewhere (39, 40) .
SNPs implicated in BrainCloud were tested with the same DNA methylation probes across four brain regions (frontal cortex, temporal cortex, cerebellum and pons) using up to 132 unrelated EA samples from the Brain QTL cohort (32) . None of these participants had a clinical history of neurological or cerebrovascular disease or a diagnosis of cognitive impairment. A few (N = 12) had a drug-related cause of death, but smoking history was unknown. We obtained their SNP genotypes (Illumina HumanHap550v3 array) via dbGaP accession number phs000249.v1.p1 and their DNA methylation levels (Illumina HumanMethylation27 array) via the Gene Expression Omnibus series number GSE15745. Details on this cohort and their QC procedures have been described elsewhere (32).
Cis-meQTL mapping
We used the BrainCloudMethyl software application to test additively coded SNP genotypes for association with methylation levels using the best fit procedure under a general linear model, as described at http://braincloud.jhmi.edu/. The methylation level of each CpG dinucleotide probe corresponded to the ratio of methylated probe signal to the sum of both methylated and unmethylated probe signals (39) . The resulting β values ranged from 0 (completely unmethylated) to 1 (fully methylated). The range of covariates included sex, ancestry group, age, life stage [fetal, childhood (≤10 years old), and adolescence/adulthood (>10 years old)], age-by-stage interaction and up to 18 surrogate variables to account for batch effects and other sources of measurement heterogeneity (39, 68) .
Eighty SNPs were tested for association with methylation levels reported for one or more probes over the 375 kb region of interest (Supplementary Material, Table S1 ). There were nine DNA methylation probes available for testing: two IREB2, two PSMA4, one CHRNA5, two CHRNA3 and two CHRNB4 probes (Supplementary Material, Table S2 ). There was no probe available for the sixth gene in this region, HYKK located between IREB2 and PSMA4. A total of 352 association tests were conducted using a sliding window-based approach, whereby SNPs located from 100 kb upstream to 100 kb downstream of each gene were tested. SNP-methylation associations with P < 1.4 × 10 −4 , based on Bonferroni correction for 352 tests, were declared statistically significant. We used the BrainCloud software, analogous to BrainCloudMethyl, to test SNP associations with mRNA expression. The best fit procedure was used under a general linear model to test the log 2 of the normalized ratio of sample-to-reference mRNA expression levels for association with additive SNP genotypes (40) . The range of covariates included sex, ancestry group, age, life stage and age-by-stage interaction (40) . Secondary analyses of the BrainCloud SNP genotype, methylation and expression data were run using SAS software (SAS, Cary, NC).
We used the Brain QTL cohort to validate the SNP-methylation associations and compare their patterns across four different brain regions. We tested the SNP associations with methylation level in PLINK (69), using linear regression under an additive genetic model with covariates of age, sex, postmortem interval, tissue source and hybridization batch.
Cohorts for nicotine dependence association testing
SNPs were tested for association with nicotine dependence across five independent cohorts comprised of European ancestry and/or AA participants. Study protocols were approved by the Institutional Review Boards at the participating sites.
COGEND Using a community-based case-control study design, COGEND contrasts nicotine-dependent smokers with smokers who never developed symptoms of nicotine dependence, as previously described (9) . Beginning in 2001, study participants were recruited from St Louis and Detroit through telephone screening to identify current smokers aged 25-44 years. Study eligibility was determined by administering the FTND (70) . Current smokers with FTND ≥ 4 were recruited as nicotine-dependent cases, and smokers (>100 cigarettes during their lifetime) with FTND≤1 were recruited as nicotine-dependent controls.
A subset of 1406 COGEND participants were genotyped on the Illumina Human1M-Duo BeadChip array as part of SAGE (42) and had call rates >97%. Another 1480 COGEND participants were genotyped on the Illumina HumanOmni2.5 array as part of the Gene Environment Association Studies Initiative (GENEVA) (71) and had call rates >95%. In each subset, genotyped SNPs with call rate >98% and Hardy Weinberg equilibrium P ≥ 1 × 10 −4 were retained. The subsets were combined, and after removing duplicates and first-degree relatives, there remained 2752 participants with genome-wide SNP genotype data available: 1961 self-identified EAs, 712 self-identified AAs and 79 participants from other ancestry groups. All SNP-level and participant-level QC steps were conducted in PLINK (69) .
To capture all of the cis-meQTL SNPs, genotype imputation was needed. We previously found that combined imputation of subjects genotyped on different arrays may lead to biased association test results, and we circumvented this potential bias by using only the genotyped SNPs at the intersection of the different arrays as the basis for imputation (72) . After taking the intersection of SNPs across the genome, we additionally excluded 318 SNPs with call rate <97% in either ancestry group (EAs or AAs) and 767 SNPs with P < 1 × 10 (74) . COGEND participants were excluded from the overall SAGE dataset to avoid redundancy. This cohort of COGA and FSCD participants is thus referred to as SAGE*. The SAGE* participants were all ascertained as part of case-control studies of addictive disorders, and we analyzed them together, as done in previous GWAS analyses (42), using 710 EAs (589 cases with FTND ≥ 4 and 121 controls with FTND ≤ 1) and 521 AAs (422 cases and 99 controls) who were genotyped on the Illumina Human1M-Duo array, passed QC mimicking the criteria used for COGEND and had complete FTND and covariate data.
AAND
The AAND cohort was designed to mimic COGEND, whereby nicotine-dependent cases were compared with non-dependent smoking controls. AAND participants were recruited from the Chicago area (2011) (2012) (2013) and administered the FTND to determine their study eligibility. Genotyping was conducted using the Illumina Omni Express array. Following the same QC procedures used in COGEND, the final analysis dataset included 1281 AAs (1038 cases with FTND ≥ 4 and 243 controls with FTND ≤ 1).
EAGLE
The EAGLE cohort, a population-based study of newly diagnosed lung cancer cases and matched controls from the Lombardy region of Italy (43, 44) , was genotyped using the Illumina HumanHap550v3 array as part of GENEVA. We obtained the SNP genotypes and the FTND and other phenotype data for the EAGLE cohort via dbGaP accession number phs000093.v2.p2. We began with the genotyped SNPs and participants that passed all QC criteria recommended by the original study investigators and then removed additional participants with chromosomal anomalies or with incomplete FTND data. Unlike COGEND participants who were ascertained specifically for nicotine dependence, EAGLE participants were ascertained for lung cancer. Cigarette smoking behavior is influenced by the onset and progression of lung cancer. However, because FTND data in EAGLE were collected based on lifetime smoking habits among current and former smokers, both lung cancer cases and controls were included in the SNP association analyses with nicotine dependence. The final analysis dataset included 2309 Italians who were former or current smokers (1596 cases with FTND ≥ 4 and 713 controls with FTND ≤ 1).
ARIC
The ARIC study (45) (dbGaP accession number phs000090.v1.p1) is a community-based longitudinal study of 12 771 participants, aged 45-64 years at the baseline examination, who were genotyped using the Affymetrix 6.0 array. We created a nested casecontrol study by taking EAs and AAs in ARIC who passed QC and reported ever smoking (as defined during ascertainment by smoking >400 cigarettes during their lifetime). FTND questionnaire data were not collected in ARIC, so we used cigarettes per day (CPD) as a proxy measure and defined 2145 heavy smoking cases (1907 EAs and 238 AAs) based on ≥21 CPD and 1493 controls (999 EAs and 494 AAs) based on ≤10 CPD.
Genotype imputation
Genotype imputation was conducted, separately by study cohort and ancestry group, with reference to the 1000 Genomes ALL Phase I integrated variant set release (v3) haplotype panel (April 19, 2012 release available at http://mathgen.stats.ox.ac. uk/impute/data_download_1000G_phase1_integrated.html). Genotype imputation was preceded by pre-phasing of the study genotypes using SHAPEIT2 (75); default settings were used except for specifying 500 conditioning states and effective population sizes of 11 418 for EAs/Europeans and 15 000 for AAs. Imputation based on the resulting haplotype estimates was performed using IMPUTE2 (76) on 5 MB chromosomal chunks with 1 MB flanking buffers. We chose to impute SNP genotypes using IMPUTE2 because our previous evaluation of imputation in AAs showed that IMPUTE2 resulted in higher imputation quality when compared with three other programs (77 
Association analyses with nicotine dependence
Nicotine-dependent cases and controls were defined using the FTND, a six-item questionnaire with scores ranging from 0 to 10 to indicate the level of physiological dependence (70, 79) , in CO-GEND, SAGE*, AAND and EAGLE. Among individuals who smoked >100 cigarettes during their lifetime, we defined dependent cases based on FTND ≥ 4 and non-dependent controls based on FTND ≤ 1. FTND data were not collected in ARIC, so we used CPD as a proxy measure for nicotine dependence, defining cases (≥21 CPD) and controls (≤10 CPD) among participants who reported smoking. Prior studies have shown high agreement between heavy smoking defined by CPD and nicotine dependence defined by FTND (80) . The final analyses included 7858 European ancestry participants (5549 EAs and 2309 Italians) and 3238 AAs (Table 1) . We used logistic regression models in ProbABEL (81) to test SNPs or haplotypes for association with nicotine dependence, adjusting for age, sex and up to three principal component eigenvectors to limit any bias due to population stratification. SNPs were either genotyped or 1000 Genomes-imputed with high quality (info > 0.9) across the cohorts. The principal component eigenvectors were generated using genotyped SNPs in linkage in EIGENSTRAT (82) . In SAGE*, additional adjustment was needed for DSM-IV-defined cocaine dependence and alcohol dependence given its ascertainment for these other addiction disorders. Models were run separately by cohort and by ancestry group, and results were combined using fixed-effects, inverse, varianceweighted meta-analysis.
Causal inference
To infer the causal relationships between our implicated SNPs, CHRNA5 methylation and CHRNA5 expression, we used structural equation modeling in the R package lavaan (83) , following the approach taken by Liu et al. (84) . SNP genotype and covariates of age, sex and ancestral group were included as predictors across all six alternative models (Supplementary Material, Fig. S2 ), and expression and methylation were varied as the dependent outcome or a mediating variable in the BrainCloud cohort with the fetal samples excluded. The covariates were bundled into a single composite variable, which enabled us to incorporate the multifaceted influences of age, sex and ancestral group and focus our interpretation on the pathways describing the relationship between SNP genotype, methylation and expression; the valid use of a composite variable relies on it influencing at least two distinct outcomes, which is a reasonable assumption in our models with the composite variable influencing both methylation and expression (85) . The fit for each of six alternative causal models (Fig. 3) was assessed using standard structural equation modeling fit indices (86) .
The tested SNPs were not associated with ancestry group (P > 0.05), so models were run with the ancestry groups combined. All methylation and expression levels were observed within 3.1 standard deviations from the mean levels. Besides no population stratification and no outliers, the inferences drawn from the causal models rely on other underlying assumptions, including sufficient sample size, no unmeasured confounders, multivariate normality and linearity, and correct model specification. Missing data are also assumed to be completely random; 76 of the 78 participants input into our analyses had no missing data.
Bioinformatics analyses
LD patterns and the number of tag SNPs were discerned using Haploview (87) and its embedded Tagger program (88), respectively, with reference to the 1000 Genomes populations of European (denoted EUR) or African (denoted AFR) ancestry. SNPs were also annotated for their regulatory potential using the HaploReg v2 database (89) , which provides information on chromatin states, conservation and regulatory motif alterations from the Encyclopedia of DNA Elements and elsewhere.
Supplementary material
Supplementary Material is available at HMG online. COGEND, SAGE, EAGLE, AAND and ARIC study cohorts for their important contributions that are represented in this study.
The data used for the cis-meQTL testing were obtained via dbGaP for the BrainCloud (accession number phs000417.v1.p1) and Brain QTL (accession number phs000249.v1.p1) cohorts. The BrainCloud and BrainCloudMethyl applications were downloaded from http://braincloud.jhmi.edu/.
Data used for nicotine dependence association testing have also been made available to the scientific community via dbGaP: COGEND (accession number phs000404.v1.p1), SAGE (accession number phs000092.v1.p1), EAGLE (accession number phs000093.v2.p2) and ARIC (accession number phs000090.v1.p1). 
Funding
This work was supported by the National Institutes of Health (NIH)/National Institute on Drug Abuse (NIDA) (grant numbers R01 DA035825, R01 DA025888 and R01 DA036583). Funding acknowledgements for each of the cohorts used in this study are provided below. Collection of the BrainCloud cohort data was conducted through a collaborative study sponsored by the NIH/National Institute of Mental Health (NIMH) Intramural Research Program. Submission of the data to dbGaP was provided by Drs Barbara Lipska and Joel Kleinman. Funding support for the Brain QTL study was provided through the Division of Aging Biology and the Division of Geriatrics and Clinical Gerontology, NIH/National Institute on Aging (NIA). The Brain QTL study includes a GWAS funded as part of the Intramural Research Program, NIA. Funding support for collection of the COGEND dataset and its analyses was provided by the NIH/National Cancer Institute (NCI) (grant number P01 CA089392). Funding support for genotyping, which was performed at the Center for Inherited Disease Research (CIDR), was provided by grant number X01 HG005274 and by the NIH Genes, Environment and Health Initiative (GEI) (grant number U01 HG004422) of the National Human Genome Research Institute (NHGRI). CIDR is fully funded through a federal contract from the NIH to the Johns Hopkins University (contract number HHSN268200782096C). Assistance with genotype cleaning, as well as with general study coordination, was provided by the GENEVA Coordinating Center (grant number U01 HG004446). Funding support for SAGE was provided through the NIH GEI (grant number U01 HG004422). Assistance with phenotype harmonization and genotype cleaning, as well as with general study coordination, was provided by the GENEVA Coordinating Center (grant number U01 HG004446). Assistance with data cleaning was provided by the National Center for Biotechnology Information (NCBI). Support for collection of datasets and samples used for this manuscript was provided through COGA (grant number U10 AA008401) and FSCD (grant number R01 DA013423). Funding support for genotyping, which was performed at the Johns Hopkins University CIDR, was provided by the NIH GEI (grant number U01 HG004438), the National Institute on Alcohol Abuse and Alcoholism (NIAAA), NIDA and the NIH contract 'High throughput genotyping for studying the genetic contributions to human disease' (contract number HHSN268200782096C). Funding support for the EAGLE participants derived from the GWAS of Lung Cancer and Smoking as provided through the NIH GEI (contract number Z01 CP 010200). This study is supported by intramural resources of the NCI. Assistance with phenotype harmonization and genotype cleaning, as well as with general study coordination, was provided by the GENEVA Coordinating Center (grant number U01 HG004446). Assistance with data cleaning was provided by NCBI. Funding support for genotyping, which was performed at the Johns Hopkins University CIDR, was provided by the NIH GEI (grant number U01 HG004438). The ARIC cohort was carried out as a collaborative study supported by the National Heart, Lung, and Blood Institute (NHLBI) (contract numbers HHSN268201100005C, HHSN268201100006C, HHSN268201100007C, HHSN268201100008C, HHSN26820110000 9C, HHSN268201100010C, HHSN268201100011C and HHSN26820 1100012C). Genotyping was conducted by GENEVA. Funding for GENEVA was provided by the NHGRI (grant number U0 1HG004402).
